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Introduction  and  Summary 

(3-Lapachone  ((3-Lap)  is  a  naturally  occurring  1 ,2  napthoquinone  present  in  the  bark  of 
the  South  American  lapacho  tree.  Our  lab  has  shown  that  13-lap  induced-apoptosis  is 
enhanced  in  breast  and  prostate  cancer  cells  that  express  the  two  electron  oxidoreductase 
NAD(P)H:quinone  oxidoreductase  (NQOI,  E.C. 1.6. 99.2)  enzymatic  activity.  B-Lap-induced 
apoptosis  was  unique  in  that  an  ~60  kDa  PARP  cleavage  fragment  as  well  as  atypical  p53 
were  observed  consistent  with  the  activation  calcium  (Ca2+)-dependent  protease  ^-calpain 
(Pink  et  al.  2000b;  Tagliarino  et  al.  2003).  In  addition,  B-lap  was  found  to  elicit  a  rise  in 
intracellular  calcium,  due  to  its  release  from  endoplasmic  reticulum  (ER)  Ca2+  stores  shortly 
after  drug  administration.  Treatment  of  cells  with  BAPTA-AM,  an  intracellular  Ca2+  chelator, 
prior  to  B-lap  exposure  could  modulate  apoptotic  signaling  but  not  significantly  alter  death 
(Tagliarino  et  al.  2001).  Collectively  these  data  supported  a  critical  but  not  sufficient  role  for 
Ca2+  in  NQOI  mediated  B-Lap-induced  programmed  cell  death  (PCD). 

To  explore  a  possible  connection  between  Ca2+  release  and  PARP  activation  NQOI 
proficient  MCF-7  cells  were  exposed  to  B-lap  and  the  effects  of  an  increase  in  cytosolic  Ca2+ 
were  investigated.  Buffering  the  rise  in  intracellular  Ca2+  after  B-lap  treatment  using  BAPTA-AM 
prevented  death,  and  proteolysis  in  NQOI  positive  MCF-7  cells.  Furthermore,  short  exposures 
of  B-lap  caused  an  increase  in  poly  (ADP)-ribosylated  (PAR)  proteins,  H2AX  phosphorylation, 
and  comet  formation,  which  was  found  to  be  Ca2+-dependent.  Furthermore,  inhibition  of  PARP 
using  the  inhibitors  3-aminobenzamide  (3-AB)  and  DPQ  could  abrogate  B-lap-induced 
apoptosis.  Based  on  these  new  findings,  we  now  report  a  critical  role  of  Ca2+in  the  induction  of 
PARP  activation  that  is  intimately  involved  in  B-lap  programmed  cell  death.  Collectively,  these 
data  suggest  that  B-lap  would  be  an  effective  cancer  chemotherapeutic  agent  that  has  the 
potential  for  effectively  targeting  and  treating  breast  cancer  tumors,  which  have  lost  their  ability 
to  undergo  caspase-mediated  apoptosis. 

Body 

B-Lapachone-induced  cancer  cell  death  and  proteolysis  is  time  and  calcium  dependent 

B-Lap  has  been  previously  shown  to  be  an  effective  chemotherapeutic  agent  in  human  cancer 
cell  lines  that  have  NQOI  enzymatic  activity  (Pink  et  al.  2000a).  Therefore,  to  ascertain 
whether  there  is  a  dose  and  time  relationship  for  effective  B-lap  treatment,  log-phase  MCF-7 
breast  cancer  epithelial  cells,  which  are  high  in  NQOI  enzymatic  activity,  were  tested  for  their 
sensitivity  to  B-Lap  at  various  exposure  times  and  doses.  B-Lap  effectively  killed  MCF-7  cells 
according  to  relative  survival  assays  at  doses  greater  than  4  p M  for  2h,  however  lower  doses  s 
3  p M  required  longer  exposure  times  to  elicit  cell  death.  Furthermore,  our  lab  has 
demonstrated  that  B-lap-induced  cell  death  in  cancer  cell  lines  was  unique,  resulting  in  PARP 
and  p53  proteolysis  that  was  distinct  from  those  caused  by  caspase  activating  agents  (Pink  et 
al.  2000b).  Treatment  with  B-lap  resulted  in  an  ~60-kDa  PARP  cleavage  fragment  and 
intracellular  cleavage  of  p53  in  NQOI  expressing  breast  cancer  cells.  MCF-7  cells  treated 
with  staurosporine  exhibited  an  89  kDa  PARP  cleavage  fragment  consistent  with  caspase 
activation  (Bertrand  et  al.  1994;  Koh  et  al.  1995;  Zhang  et  al.  1996).  PARP  cleavage  could  be 
prevented  after  staurosporine  exposure  upon  co-treatment  with  the  pan-caspase  inhibitor 
zVAD-fmk.  However,  co-treatment  of  zVAD-fmk  and  B-lap  did  not  prevent  B-lap-induced 
atypical  PARP  or  p53  cleavage.  This  is  consistent  with  previous  data  that  B-Lap-induced 
cleavage  events  were  attributable  to  the  activation  of  the  Ca2+-dependent  protease  p-calpain 
(Tagliarino  et  al.  2003).  Furthermore,  pre-treatment  with  the  intracellular  calcium  chelator 
BAPTA-AM,  at  the  minimum  dose/time  to  commitment  of  the  death  (e.g.  4  p M  B-lap;  2h  drug 
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exposure)  could  abrogate  B-lap  lethality  and  atypical  p53  and  PARP  proteolysis  between  20 
and  24h  after  drug  exposure.  In  addition,  BAPTA-AM  protection  is  similar  to  what  is  observed 
with  co-treatment  of  the  NQOI  inhibitor  dicoumarol,  which  competes  with  NADH  or  NADPH  for 
binding  to  the  oxidized  form  of  the  enzyme  thereby  preventing  reduction  of  quinines  (Hosoda  et 
a!.  1974;  Hollander  and  Ernster  1975)  illustrating  the  importance  of  calcium  in  (3-lap  cell  death. 
Previous  studies  have  confirmed  that  BAPTA  did  not  alter  NQOI  enzymatic  activity  using 
standard  enzymatic  assays  (Tagliarino  et  al.  2001).  These  findings  indicate  that  short  13-lap 
exposures  elicit  non-caspase  calcium-meditated  cell  death  and  proteolysis. 

13-Lap  treatment  causes  a  PARP-mediated  cell  death 

A  dramatic  depletion  in  ATP  pools  is  seen  shortly  after  (3-lap  treatment,  and  this  nucleotide  loss 
was  found  to  be  Ca2+  dependent  (Tagliarino  et  al.  2001).  NAD+  loss  as  a  consequence  of 
PARP  activation  has  also  been  observed  to  contribute  to  cell  death  after  13-lap  treatment  in 
NQOI  deficient  cells  (Liu  et  al.  2002).  PARP  functions  as  a  surveyor  of  the  genome.  In 
response  to  DNA  breaks,  PARP  is  immediately  activated  and  catalyzes  the  conversion  of  (3- 
nicotinamide  adenine  dinucleotide  (NAD)  into  linear  or  multibranched  poly(ADP-ribose) 
polymers  on  various  proteins  usually  associated  with  chromatin  and  other  nuclear  acceptor 
proteins  (e.g.  PARP  itself,  XRCC1,  histones  etc)  (Arne  et  al.  2004).  This  post-translational 
modification  helps  to  facilitate  the  repair  process  by  opening  the  DNA  structure  and  recruiting 
DNA  repair  enzymes  to  the  site  of  the  break.  In  cases  of  severe  DNA  damage,  such  as 
ischemia  reperfusion  or  high  dose  MNNG  exposure  PARP  hyperactivation  can  cause  cellular 
depletion  of  NAD+  leading  to  either  necrotic  or  apoptotic  non-caspase-AIF-mediated  cell  death 
(Szabo  and  Dawson  1998;  Yu  et  al.  2002).  However  to  date,  it  is  unclear  how  NQOI  status 
and  calcium  signaling  may  mediate  PARP  activation  in  13-lap  induced  PCD.  Therefore,  to  test 
the  relationship  of  PARP  activation  to  NQOI  status,  isogenic  MDA-MB-231  cells  that  were 
previously  transfected  with  human  NQOI  were  used  (Pink  et  al.  2000a).  Cells  proficient  in 
NQOI  enzymatic  activity  showed  much  higher  PARP  activation  than  their  NQOI  negative 
counterparts  as  indicated  by  the  increase  in  poly(ADP-ribose)  polymers  (PAR)  formed  after  B- 
lap  treatment.  Treatment  of  NQOI  deficient  cells  at  B-lap  doses  >LD50  value  of  6.6  pM  ±  1.4 
(Reinicke  et  al.  unpublished  results),  was  not  sufficient  to  cause  notable  PAR  accumulation. 
Furthermore,  PARP  activation  after  B-lap  treatment  could  be  suppressed  by  pre-treatment  with 
BAPTA-AM,  which  abrogated  the  formation  of  PAR  even  at  high  doses.  These  results  were 
confirmed  by  confocal  microscopy  using  a  monoclonal  antibody  to  PAR.  PARP  activation  was 
seen  10’  after  4  pM  B-lap  exposure,  as  illustrated  by  the  accumulation  of  PAR-modified 
proteins  in  the  nucleus,  with  most  robust  poly  (ADP-ribosyl)ation  occurring  30’  after  drug 
exposure.  This  increase  in  PAR  formation  dissipates  90’  post-drug  treatment  corresponding 
with  the  loss  of  ATP  in  the  cells  (Tagliarino  et  al.  2001). 

To  determine  if  NQOI -associated  PARP  activation  contributes  to  B-lap  cell  death  MCF- 
7  cells  were  treated  with  the  classical  PARP  inhibitor  3-aminobenzamide  (3-AB).  3-AB  is  a 
nicotinamide  analog  and  acts  as  a  competitive  inhibitor  of  PARP  activation.  Co-treatment  with 
3-AB  or  a  more  potent  PARP  inhibitor  DPQ  during  B-lap  treatment  prevented  B-lap-induced 
cell  death  as  ascertained  by  the  TUNEL  assay  in  NQ01+  cells  at  a  lethal  dose  of  5  pM  B-lap.  It 
is  important  to  note  that  the  results  obtained  using  3-AB  were  not  attributable  with  inhibition  of 
NQOI  enzymatic  activity.  3-AB  doses  >100  fold  greater  than  those  used  in  relative  survival 
assays  using  B-lap  or  menadione  as  a  substrate  did  not  alter  NQOI  activity  in  in  vitro 
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enzymatic  activity  assays.  Taken  together,  these  findings  indicate  that  Ca2+-induced  PARP 
hyperactivation  is  necessary  for  B-Lap-induced  cell  death  in  NQOI  proficient  cells. 

H2AX phosphorylation  occurs  after  3-lap  exposure 

PARP  activation  has  been  well  documented  to  be  a  result  of  DNA  insult  resulting,  usually  in 
DNA  single  strand  breaks  (Miller  1975;  Smulson  et  al.  1975;  Smulson  et  al.  1977).  H2AX  is  a 
variant  of  one  of  the  core  histones,  H2A,  which  is  unique  because  it  contains  a  short  COOH 
terminal  tail  not  found  in  other  mammalian  H2A  isoforms  (Mannironi  et  al.  1989).  H2AX  is 
distinct  due  to  a  highly  conserved  serine  residue  (ser139)  located  4  amino  acids  from  the 
COOH  terminus,  which  is  rapidly  phosphorylated  upon  DNA  damage  (Rogakou  et  al.  1998). 
Once  the  DNA  damage  response  has  been  activated  members  of  the  phosphotidylinositol-3 
kinase-like  family  of  kinases  (PIKK)  can  be  activated  (Shiloh  2003).  Three  of  these  PIKK 
members,  ataxia  telangiectacisia  mutated  (ATM),  ATM-and  Rad3-related  (ATR),  and  DNA 
dependent  protein  kinase  (DNA-PK)  mediate  signal  transduction  at  the  site  of  the  break  and 
can  immediately  phosphorylate  H2AX  (Burma  et  al.  2001;  Fernandez-Capetillo  et  al.  2002; 
Brown  and  Baltimore  2003).  Therefore,  to  ascertain  whether  PARP  activation  is  a  direct  result 
of  B-Lap-induced  DNA  damage  H2AXy  levels  were  examined.  MCF-7  and  MDA-MB-231  cells 
were  treated  with  4  or  5  p M  B-lap  and  cells  were  harvested  for  western  blot  analyses  at  various 
times  during  drug  treatment  and  probed  for  H2AXy.  Surprisingly,  H2AX  phosphorylation 
occurs  30’  after  B-lap  treatment.  These  results  were  confirmed  by  confocal  microscopy.  MCF- 
7  cells  treated  with  B-lap  showed  a  time  dependent  appearance  of  H2AXy  foci.  Furthermore, 
B-lap-induced  foci  were  similar  to  that  induced  by  5  Gy  IR.  These  results  were  confirmed  by 
the  presence  of  comet  formation  after  B-lap  treatment.  Interestingly,  B-lap-induced  H2AX 
phosphorylation  can  be  partially  abrogated  by  BAPTA-AM  pre-treatment.  This  is  distinct  from 
IR-induced  strand  breaks,  where  BAPTA-AM  had  no  effect  on  H2AXy  status.  These  data 
suggest  that  inhibition  of  H2AXy  by  BAPTA-AM  after  B-lap  treatment  is  not  due  to  Mg2+ 
chelation,  which  may  affect  PIKK  function.  In  addition,  the  kinetics  of  H2AX  phosphorylation 
are  similar  to  the  kinetic  of  PARP  activation.  Both  H2AXy  and  PAR  are  seen  at  30’  following  B- 
lap  exposure.  In  addition  BAPTA-AM  loading  prevents  PAR  formation  and  partially  abrogates 
H2AXy  after  B-lap  treatment.  Collectively  these  data  suggest  a  role  for  Ca2+  in  the  modulation 
of  nuclear  signaling  events  that  lead  to  PARP  hyperactivation  and  H2AX  phosphorylation. 

Key  Accomplishments 

•  Creation  of  stable  PARP+/+  and  PARP"7'  MEF  cells  lines  stably  expressing  active  human 
NQOI  protein 

•  Creation  of  stable  knock  down  (KD)  PARP-1  protein  using  shPARP  in  human  breast 
cancer  cell  lines  MCF-7,  MDA-MB-231  NQ01+  and  MDA-MB-231  NQOI* 

•  Evaluation  of  time  course  of  PARP  activation  after  (3-lapachone  treatment  in  breast 
cancer  cell  lines  with  proficient  and  KD  PARP  protein  levels  and  PARP'7'  MEF  +  hNQOI 
using  PARP  activity  blots 

•  Examination  of  the  following  endpoints  after  B-lap  treatment  +BAPTA-AM,  +PARP 
inhibitors  (3-AB  and  DPQ)  in  MCF-7  and  MCF-7  cells  with  KD  PARP-1 :  apoptotic  time 
course  using  the  TUNEL  assay,  cell  survival  using  long  term  growth  assays,  and 
apoptotic  proteolysis  via  western  blot. 

•  Examination  of  cell  survival  in  long  term  growth  assays  in  PARP+/+  and  PARP'7'  hNQOI + 
and  hNQOI'  cells 
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Reportable  Outcomes 

The  following  reportable  outcomes  that  have  resulted  from  this  award  are  as  follows: 

1 .  Successful  completion  of  graduate  school  coursework 

2.  Passed  qualifying  examinations  I  and  II;  advancement  to  candidacy 

3.  Presentation  at  the  Case  Western  Reserve  University  2004  Department  of 
Pharmacology  Retreat 

4.  Invited  Speaker,  The  University  of  Toledo,  2004 

5.  Presentation  at  Case  Western  Reserve  University  Biomedical  Graduate  Student 
Symposium,  2004  and  2005 

6.  Submitted  abstract  to  the  DOD  Era  of  Hope  Conference,  2005 

7.  Creation  of  PARP+/+and  PARP'/_  mouse  embryonic  fibroblasts  with  human  NQOI 
using  a  retroviral  vector 

8.  Development  of  stable  breast  cancer  cell  lines  MCF-7,  MDA-MB-231  NQ01+  and 
MDA-MB-231  NQOTwith  knockdown  PARP-1  expression  using  RNAi. 

9.  Department  of  Energy  sponsored  trip  to  attend  the  54th  Meeting  of  the  Nobel 
Laureates,  Lindau  Germany 

Conclusions 

Here,  we  demonstrate  that  PARP  hyperactivation,  occurs  shortly  after  p-lap  exposure  in 
an  NQOI  dependent  manner.  Hyperactivation  of  PARP  is  consistent  with  the  presence  of 
DNA  strand  breaks  detected  by  comet  and  yH2AX  formation.  Chemical  inhibition  of  PARP 
activity  in  MCF-7  human  breast  cancer  cells  by  3-aminobenzamide  or  DPQ  suppressed  p-lap- 
induced  apoptosis  consistent  with  a  role  for  PARP  hyperactivation  in  p-lap  induced  cell  death. 
Chelation  of  intracellular  Ca2+  using  BATPA-AM  after  p-lap  treatment  partially  abrogated 
yH2AX,  but  not  comet  formation.  In  addition  BAPTA-AM  dramatically  blocked  both  PARP 
activation  and  p-lap  induced  death  as  measured  by  long-term  growth  assays.  Collectively, 
these  data  demonstrate  the  importance  of  Ca2+  mediated-PARP  hyperactivation  in  p-lap- 
induced  cell  death.  We  will  discuss  how  this  Ca2+-dependent  cell  death  can  be  exploited  to 
effectively  target  and  treat  tumors  that  have  lost  their  ability  to  undergo  caspase-mediated 
apoptosis. 
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